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SUMMARY

The laminar compressible boundary layer for two-
dimensional and axisymmelric stagnation regions
has been analyzed to show the effects of the injection
of a radiation absorbing gas on the incident radiation
Jield, on enthalpy profiles, and on heat transfer to the
vehicle surface. It is assumed that the energy emitted
Jrom the cold foreign gas is negliyible compared with
that absorbed. It is shown that the reduction of
radiation heat-transfer rate to the surface by radiation
absorption in the injected gas is accompanied by an
increase in the convective heat-transfer rate. For a
black surface, a saving in total heat transfer is
achieved by injection of an absorbing gas. On the
other hand, for a totally reflecting surface, it is not
desirable to inject an absorbing gas because the total
heat transfer is increased. The reflectivity condition
between the totally reflecting and the black surface
extremes below which it is desirable to inject an
absorbing gas is determined. Heat-transfer results
are presented and are compared with those of the
unshielded case. The required absorption properties
of the foreign gas are determined and compared with
absorption properties of known gases.

INTRODUCTION

In some regimes of high-speed flight, particularly
during entry into planetary atmospheres at speeds
greater than circular orbit speed, the shock layer
on a blunt body emits thermal radiation which is
incident on the surface of the vehicle, The radiant
flux becomes more intense with increasing flight
speed, diminishing altitude, and increasing body
nosc radius. Kivel (ref. 1) analyzes the radiation
heat transfer from the inviscid equilibrium shock
Inyer to the stagnation point. His results show,
for example, that the radiation heat transferred to
the stagnation region exceeds the conveetive heat

transferred if the nose radius of curvature is
greater than about 1.7 feet and the vehicle is trav-
eling at 36,700 {t/sec (escape speed) at 200,000 feet
altitude. If the shock layer air is not in chemical
equilibrium, the radiant heating may be greater
than that shown by Kivel for equilibrium air.

The problem of shielding the vehicle surface
from this thermal radiation becomes important.
It is well known (ref. 2) that convective heating
in the stagnation region can be greatly diminished
by the injection of gas into the boundary layer.
The possibility exists that the radiative heat trans-
ferred to the vehicle surface can also be diminished
if the gas injected (by transpiration or ablation)
into the boundary layer absorbs radiation. Of
course, the absorption of radiation by the injected
gas raises the gas temperature and thus the tem-
perature gradient of the boundary layer at the
wall, and therefore increases the convective heat
transferred to the vehicle. The question arises as
to whether or not a net saving of total heat transfer
(convective plus radiative) can be achieved by
injection of an absorbing gas, and if so, what gas
properties are necessary to reduce the total heat
transfer effectively.

An cxploratory analysis (ref. 3) in which the
boundary layer was assumed to be a binary mix-
ture of undissociated air and inert foreign gas and
the vehiele surface was assumed to be completely
absorbing yielded encouraging results. Tt was
shown that injection of an absorbing gas through
the black surface into the boundary layer yields a
substantial saving in total heat transfer. How-
ever, if the vehicle surface were totally reflecting,
it would not be desirable to inject an absorbing gas
into the boundary layer because, although there
would be no radiative heat transfer to the totally
reflecting surface, the convective heat-transfer rate
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would be increased by the absorption of radiant
energy in the foreign gas near the vehicle surface.

Actual surfaces are neither completely absorbing
nor totally reflecting. Somewhere between these
two extremes is a reflectivity above which the
total heat-transfer rate is increased and below
which it is diminished by injection of an absorbing
gas. This “break even” reflectivity is important
beeause above it the injeeted gas should be non-
absorbing and below it the injected gas should be
absorbing in order to diminish total acrodynamic
heating.

The purpose of this paper is to study the effects
of an absorbing gas injected into the boundary
layer on the combination of convective and radi-
ative heat transfer to partially reflecting stagna-
tion surfuces of blufl bodies traveling at hyper-
sonic speed, Tn this paper, many of the results of
reference 3 are retained as well as the simplifying
assumption that the energy emitted by the foreign
gas is small compared with the energy absorbed.
The results of that analysis as well as of the present
paper arc made applicable to a mixture of air in
chemical equilibrium and au inert foreign species.
The present paper goes on to analyze the case of
the partially reflecting wall, and to account for the
reflected radiant energy. The heat transfer is
evaluated and the break-even reflectivity 1s deter-
mined as a function of the absorption coefficient
of the foreign gas.

Tt is pointed out that an exact analysis of the
interaction of a radiation field with a mixture of
dissociated air and a foreign gas in the compressible
laminar boundary layer is a very difficult problem
beenuse it requires the solution of & set of non-
linear, coupled, purtial-differential integral equa-
tions, such as those formulated in reference 4.
For this reason, simplifying assumptions are made
which make the problem more tractable. Tt is
expected that the results of the analysis retain
significant aspects of the actual physical behavior.

SYMBOLS
a slope of lines in figure 5 and equation
(48)
Cn specific heat at constant pressure
¢, defined by equation (10)
C Chapman-Rubesin function, ’:Ze

coefficient of diffusion

< ‘§¢§H
~

Se

U

w
W

dimensionless stream functions

radiation flux

ratio of total enthalpy to total enthalpy
exterior to the boundary layer

static enthalpy of the mixture

heat of formation of the mth species at
0°K

radiation intensity
wavelength)

magnitude of intensity of inecident
radiation beam

magnitude of intensity of reflected
radiation beam

u?
total enthalpy, ]H_?

(integrated over

thermal conductivity

absorption coefficient, defined by equa-
tions (13) and (14)

dimensionless radiation intensity de-
fined by equation (30)

Ir

Lewis number,

Se

exponent in equation (1), zero for two-
dimensional case and unity for
axisymmetric case

pressure

mass rate of production of the mth
speeies per unit volume

¢ ¢
Prandtl number, 2% and Sk

k k
total heat-transfer rate
and radiative)
surfuce reflectivity
break-even surface reflectivity
radius of cross section of body of
revolution
transformed independent variable par-
allel to body surface (eq. (18))

(convective

. u
Schmidt number, -5
Schmidt number, oD

temperature

velocity of the free stream ahead of
the bow shock

velocity component parallel to surface

velocity component normal to surface

mass fraction of foreign absorbing gas
mass fraction of species m, p_:

distance along body surface from the
stagnation point
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Y distance normal to body surface

a dimensionless gas absorption cocfficient
defined by equation (36)

B constant in velocity relationship (eq.
(26))

n dimensionless  transformed  independ-

ent variable normal to body surface

(cq. (19))

cocfficient of viscosity

o

0 gas density

¥ stream funetion

: %

Y&
SUPERSCRIPTS

s derivatives with respect to the inde-

pendent variable concerned
SUBSCRIPTS

e properties evaluated at the outer edge
of the boundary layer

1 radiation incident on body

m properties of the mth species

r radiation reflected from body

w properties evaluated at the wall

! foreign absorbing gas in the boundary
laver

2 air

a=0 properties of a nmonabsorbing gas and
air

fuo=0 no injection case: all air boundary
layer

l,=0 mixture of absorbing gas and air with

no incident radiation

ANALYSIS
The physical model chosen for analysis is repre-
sented by sketeh (a). The region between the
bow shock and the body surface is divided into an

Bow shock e Porous surface of vehicle

incident 4 7
radiation ||

Reflected
radiation

Absorbing gas

'//;oundory loyer
%k layer

Sketeh (a)

mmviseid shock layer of hot radiating air, and a
boundary layer consisting of a mixture of air and
a [oreign absorbing gas being injected through and
normal to the porous body surface.

The following assumptions are made regarding
the properties of these regions.  Additional as-
sumptions will appear and be discussed where they
are needed in the analysis.

1. The radiant energy is incident on the outer
edge of the boundary layer in heams of radiation
with integrated (over wavelength) intensity of
magnitude 7, (ref. 5, eq. (5)), all assumed to be
{raveling normal to the wall. Although 7 is
often defined as the intensity for unit solid angle,
it is considered here to be intensity per unit dif-
ferential thickness of these parallel rays in the
manner of reference 6, page 53.  Thus, Tis equiv-
alent 1o the y component of the flux of radiant
energy.

2. The air within the boundary layer is assumed
to be transparent to the incident radiation, and
its emitted radiation is negleeted in comparison
with the incident radiation.

3. The injeeted foreign gas, which will absorb
a portion of the incident radiation before it reaches
the body surface, has absorption properties which
are assumed to be independent of the wavelength
of the radiation (i.c., it is a grav gas).

4. The surface of the vehicle is assumed {o be
cold and to emit no radiation.

Because of a general lack of knowledge of the
radiation properties of gases, it is advantageous
to specily various properties of the foreign ab-
sorbing gas and otherwise keep the analysis as
general as possible.  Tn this way, the gas proper-
ties necessary to achieve a reduction of heat
transfer can be determined, alter which one is in
a position to ask il a gas having these radiation
properties exists.

The partial differential equations  deseribing
the laminar compressible boundary layer of a
mixture of gases (ref. 7) in the presence of a radia-
tion ficld are stalements of continuity, the mo-
mentum  theorem, conservation of energy, and
diffusion of species.  The first two are expressed,
respeclively, as:

s purt) + 3 (pr7) =0 M

ou (2W\_. 0 ow\_0p )
P"(m)”’ ay)‘ay soy)oe @
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Two exactly equivalent forms of the energy
equations are listed and will be used subsequently
to illustrate the applicability of the solutions to
cither a binary mixture of undissociated air and
an inert foreign speeies or a binary mixture of
air in chemical equilibrium and an inert foreign
species, The two energy equations written below
differ only in form; the differences arise from the
definitions of Pr and Pr.

b] bJ ® b]> l: ( 1 bu2/2:|
U or OJ bl/ Proy o AUl I’r/) oy

+aJ( oD auv)—divl? (3a)

or

WO 01 0fw 97) 0 <1 _L>3’Lf3:|
+p oy aJ([’/ oy a3 [# rr) oy
+ ajl:pf)( )Z‘,kma" | _giv F (3b)

The diffusion equation,
species, is

oW, oW, o DU ”
PUS: TP oy oy ) Pr (4

written for the mth

We will only need this equation for the inert
foreign species (for which P,=0), so hercalter,
for this equation we drop the subscript m and
note that W is the mass fraction of the inert for-
cign speecies.  The boundary conditions for equa-
tions (1) through (4) are
at y=0
v=0,, =0, j=F., W=, (5)
at y—>w
U—U,, j—Fe, W—0 (6)

A few relationships for enthalpy and heat {rans-
fer are needed.
The enthalpy of the mixture is defined as

h=2 vahm (7)
where

T
i J ey dT+ ®)

Q9

The specific heat al constant pressure is

~(32), =% (i), (o).

or
- oW,
ey="Cp+2 hn TT) )
~ r
where

211 a}l m

=T Wey, (10)

The heat-transfer rate at the wall due to convee-
tion, diffusion, and radiation is:

oT o,
g +er = () runt |,

(11)
This can be rewrilten as
o7 :l
—1 om =
(PI a’/ ) Z . °r
—(1—r)lw (12)
First, consider a binary mixture of undisso-

clated air and an inert foreign gas for which An,°
(the heat of formation) is zero. If at every
temperature ¢,,=¢,, (which was assumed in ref.
3), then Jk,=h;, from equation (8), ¢,=c, from
cquation (9), and Pr=7. The third term on
the right-hand sides of equations (3a) and (3b)
vanishes, and the forms of the equations (and their
solutions) are identical.

Secondly, consider a mixture of dissociated air
in chemieal equilibrium and an inert foreign gas.
For the purposes of this paper, this mixture is
considered to be a binary mixture. The inert
forcign species is associated with either the air
atoms or the air molecules, depending on which
of these its molecular weight and mutual collision
cross section matches best (ref. 7, p. M6). The
energy equation in the form (3b) is used and the
third term on the right-hand side is omitted by
assuming Le=1. Tor the same boundary condi-
tions and for a given %, the solutions of (3b)
under these conditions are identical with those of
the undissociated mixture (where equation (3a)
was used and the specific heats were considered
equal). The heat transfer is also identical
because the middle (diffusion) term on the right-
hand sides of equations (11) and (12) vanishes.

Tu reference 3, the case of cequal specific heats
was studied. The value of Pr (or 7r) was 0.72.
However, from the preceding discussion it is scen
that the results of that reference as well as those
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of the present paper are applicable to the mixture
of cquilibrium air and foreign species where
Le=1, Pr=0.72, and it is not nccessary that the
specific heats be equal.

The lust term in the energy equation (3) is the
rate of gain of energy per unit volume due to the
interaction of the radiation flux with the matter
in the element volume. For the general ecase
where the element of gas volume is exchanging
radiant energy (by absorption and emission) with
all other clementary gas volumes inside and
outside the boundary layer, the radintion flux is
expressed by integration over all space. Then
the encrgy equation (3) 1s a partial-differential
integral equation which is exeeedingly difficult to
solve.  As mentioned previously, the problem
will be simplified by neglecting the radiant energy
emitted by the absorbing gas in comparison with
the radiant energy absorbed.  An energy balance
is still maintained, of course; enthalpy and other
forms of cnergy are simply not diminished by
emission of radiation.

The simplification is justifiable if the rate of
energy emission from the foreign gas is small
compared with the rate of absorption.  This situa-
tion can be realized under the following circum-
stances. It can be expected a priori that a large
mass [raction of the cold dense boundary-layer
region (near the wall) will be absorbing gas, but
only a small mass fraction of the hot, much less
dense region (away from the wall) will be absorb-
ing gas. Therefore, the bulk of the absorbing gas
is in the dense region which is cold compared
with the shock layer. T the shock layer and
boundary layer are behaving like black bodies and
because they both emit energy at a rate pro-
portional to the fourth power of their respective
temperatures, then it is possible that the encrgy
emitted by the shock layer (and thus absorbed
by the foreign gas) is large compared with energy
emitted by the boundary layer, and the latter
may be neglected.

Until a better understanding of the energy
emitted from the shock layer is achieved, it is not
possible to say if or when the above assumption
is strietly valid for flight conditions. Tt can of
course be valid under laboratory conditions where
the radiant energy is emitted from an external
high temperature source. At any rate, by
studying this extreme of the problem, it is possible
to gain some insight into the more general problem.

5

Suflice it 1o say that in the present analysis, the
radiant energy emitted by the absorbing gas is
neglected in favor of the energy absorbed, and
the results apply when that situation exists.

Tn order to express the last term in equation
(3h), we consider the radiation intensity in the
y direction, and account for both the beam
incident on the boundary layer and its subsequent
reflection from the wall.  For cither the ineident
or refleeted beam, the [raction of the locul inten-
sity absorbed in {raveling a small distance is
proportional to the local density of the absorbing
gas, and to the smuall distance. Thus, following
the formu of reference 8 (pp. 5 and 24), for a fixed
z and the incident beam traveling in the negative
y direction (toward the wall)

ol

a_yzliplli (13)

and similarly for the reflected beam traveling in
the positive y direction

of,

5 =Ko, (14)

where K is the absorption coeflicient and the
Intensity 7 in the positive ¥ direction is defined
as the difference of the reflected and incident
intensities

I=1I—1I, o (15)

where positive numbers will be used for both
Iy and 7, (which are magnitudes only). Because
we have assumed that there is no scatiering and
have neglected emission in the boundary layer,
there is only a % component of the radiative
flux and thus the last term in the energy equation
(3b) is simply
.2 0o, d
div F —a—y—a (16)
which is evaluated by means of equations (13)
and (14). The corresponding boundary condi-
tions, evaluated at the wall as a muatter of con-
venience, are

at y=0

Iz’:Ifw

]r:Irweriu' (17)

and, or course,
I=1,(r—1)
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The Levy transformation (ref. 9), a stream
function, several definitions and assumptions,
and some exterior flow relationships are to be
used now to transform equations (1), (2), (3Dh),
4), (13), and (14) from r and 7 as independent
variables to s and g, as follows:

The Levy transformation is

Szf pett o o dx (18)
/Uy
WU ro" f”
—— o 19
50l y (19)

A stream function is defined so that

2 . oY n
=ty gt (20)
and the continuity equation (1) is satisfied.  The
following quantities are defined

g(n)=% @21)
LE_C (ref. 10) (22)

Peke

where € 1s assumed constant and

’ :ﬂ 2
S = (23)
from which
¥ .
fn)=— 24
) ) \'Q-S(' ( )
In the axisymmetric blunt body stagnation
region it is assumed that
=21 (25)

At the outer edge of the boundary layer, the
veloeity is described by

u,=px (26)
and it 1s assumed that
Pelbe= (Pef-*e) stagnation (27)

Use of equations (25), (26), and (27) in equa-
tions (18) and (19) yields

Bpes er2(n+1)

=amT

(28)

_ fnEDB (Y
=N [ @

Thus for two-dimensional and axisymmetrie
flows, s is proportional to #? and ', respectively,
while 5 is a Tunction of y weighted by the density

variation. A dimensionless radiation  flux is
defined by
7 P ,
{)=—-"—"—4/+ (30)
) JePet il \ C

Formally transforming ecquations (2), (3b),
4), (13), and (14) to the new independent vari-
ables s and n by means of the newly defined quan-
tities and the assumptions results in the following
set of differential cquations (with constant Pr

and Se)
H\ ({71><[,2 p€> (31)
(Ls

Sl ()]

flll+~[fll

1
:.Il+. .(}I_ll_:
50 /

(32)

r i rr__
S 45 W' =0 (33)
' — V1,0 (34)
I oIV, =0 (35)

where W is now the local mass fraction of the
foreign absorbing gas and is assumed to be a fune-
tion of 5 alone, and

I G,
a=K \/(n+ 1)8 (36)

The 7 in equation (32) is expressed by transform-
ing equation (16) and combining with ecquations
(34) and (35).

U=—alW (41, 37)

The boundary conditions (5), (6), and (17)
transform to:

at n=0

J=fwy =0,

010:07 ‘IV:IIVH‘ } (38)
li:liw}

L=bw=rlin
at n—>»
J'=1,

g—1, W (39)
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where f, is proportional to the rate of injection of
the absorbing gas (as will be shown subsequently)
and the third of conditions (38) comes from the
facts that the wall is much colder than the flow at
the outer edge of the boundary layer and the air
is assumed to be 1 chemieal equilibrium.

The rmght-hand side of equation (31) will be
neglected by virtue of the qualitative physical
argument. of reference 11 (based on the fact that
the surface temperature 18 much lower than 7).
Equation (31} with the right-hand side equal to
zero 18 the familiar Blasius equation (ref. 12)
where 5 1s related to the Blasius £ and f(n) and its
derivatives are related to the Blasius F(&) and its
derivatives by

n \’réz A
_F®
J(n)= )
o > (40)
1) =138
ey FE)
! (n)—ﬁ,

Equations (40) cause the boundary conditions of
() to be compatible with the boundary conditions
on F(&) and with the values of reference 13, A
solution of equation (31) with the right-hand side
equal to zero can he obtained at once from ref-
crence 13.

Next, the right-hand side of equation (32) will
be neglected because w2<j, for the stagnation
region in hypersonic flow. Thus the similarity
solutions of cquations (33), (34), (35), and

.)(”Ill_f_A/"/'Ile (4]‘)

gty =0 (42)

Pr

subject to boundary conditions (38) and (39),
will be sought in which all dependent variables
are a function of one independent variable 5.

The boundary conditions (38) and (39) on the
diffusion equation are mathematically sufficient,
but are not very useful for initiating the numerical
integration at p=0. For this reason, it is neces-
sary {o choose iitial values of W, and W,” so
that (1) a mass halance of the air at the surface
is satisfied for a given injeetion rate, and (2)

58OTHI-- 61—~ -2

Wi{w)->0. The assumption that there is no net
penetration of air into the wall through which
the absorbing gas is injected leads to the following
mass balance of the air at the wall (where the
first term corresponds to the mass rate of molecular
diffusion of air and the sceond term to the mass
rate of flow of air)

ol .
pu])u' 4) +pu'l‘u‘ (1 —n u‘) =0 (43)
oy Ju
which when transformed to the independent vari-
able n becomes

W, =8ef ,(1—V") 44)
Formally integrating equation (33) twice, making
use of equation (41), the boundary conditions
(38) and (39), and ecquation (44) leads to

W= L ]
[ s [ a4

Equation (45) gives the value of T, which im-
poses the condition that TW(o)—0. Equation
(44) gives the corresponding W7, used to begin
the numerical integration of equation (33).

In the radiation absorption law (eqs. (34) and
(35)), the absorption cocfficient a (and therefore
K) is assumed to be constant, although in prinei-
ple, I{ could be any function of 5 and would thus
comply with the similarity requirement,

METHOD OF SOLUTION

Equations (41), (42), (33), (34), and (35) sub-
jeet 1o boundary conditions (38) and (39) were
integrated numerically by the Adams-Moulton
(ref. 14, p. 200, eqs. 6.6.2) predietor corrector
method using the IBNL 704 eleetronie data proe-
essing machine.  Briefly, the sequence of machine
computation was as follows: the quantities f,,
S S Gy Ly T’T’, Se, and « are specified (f, and
S’ are obtained from relerence 13 by use of
equations (40)). Equation (41) was integrated
numerically as a convenience for the machine
computation and simultancously the integral

o
f (f"")%dn was evaluated for use in equation
JO

(45). Tnitial values W, and T,/ were obtained
from equations (45) and (44), respeetively. Two
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values of g,/ were arbitrarily chosen.  Kach value
ol g,/ was used separately to integrate equation
(42). The values of g(«) resulting from the two
integrations were used to interpolate lincarly to
give an improved value of ¢,/ so that g(=)- >1.
The integration was repeated until the boundary
conditions were satisfied. In all the numerieal
examples Dr is 0.72, Le is unity, and therefore
Se must be 0.72.

DISCUSSION OF RESULTS

From the solutions of the differential equations
(41, (42), (33), (34), and (35), we first want to
examine somie features of the solutions— in partie-
ular, the mass distribution of the foreign species
across the boundary luyer and its effect (through
the absorption coceflicient) on radiation intensity
at the wall, on the radiation intensity profiles,
and on enthalpy profiles across the boundary
layer. Then attention is directed to a heat-
transfer evaluation for partially reflecting surfaces
leading to the determination of the break even
refleetivity condition mentioned previously.

Beeause most of the results are presented for
specifie injection rates, it is pertinent that the
presentation be prefuced with a briel comment on
injection rate.  The symbol f, 1s the value of the
stream function at the wall and can be shown fo
be directly proportional to the mass injection
rate by virtue of equations (20), (24), (18), (19),
and (28) which are combined to yield

Pl w= —,fn‘ (pw"muerun
(46)

An injection rate corresponding to f,=—1.283/,2
leads at once to Iaminar separation (ref. 14-and
eqs. (40)). The solutions in this paper were
obtained for two injection rates; a strong rate
corresponding to the near “blow-off” condition
of fo=—142 and a weaker rate corresponding
to fo=—1/2,2.

FEATURES OF THE SOLUTIONS

For a specified value of f,, there is one solution
to the momentum equation (41). TFor this speci-
fied injection tate and a given Se, there is one
solution of the diffusion equation (33) and thus
one profile of mass {raction of the foreign absorb-
ing gas across the boundary layer. Figure 1

NATIONAL AERONATTICS AXND SPACE ADMINISTRATION
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Ficrre 1. The mass fraction of the foreign absorbing gas

as a function of the dimensioniess distance from the
surface for two injeetion rates; Se—0.72.

shows two such concentration profiles correspond-
ing to the two injeetion rates mentioned above.
The ordinate T is the fraction of the local density
that 1s due to the foreign gas. Tt is evident as
was mientioned in the analysis that near the sur-
face (small 9), a large fraction of the density
(which 1s also large) is foreign gas, wlhereas away
from the surface (Iarger ), a small fraction of the
density (which is also small) is foreign gas.  Thus
it is evident that the bulk of the mass of the foreign
gas is in the more dense (and therefore the cold)
region of the boundary layer.

Having these profiles of foreign gas concentra-
tion, we next inquire as to their effectiveness in
shielding the surface from the incident radiation.
The Iraction of the ineident radiation intensity
which strikes the surface is shown i figure 2 as a
function of the absorption cocfficient «. The
equation for the two curves shown in the figure is
obtlained by separating variables and integrating
equation (34) which yvields

[,.wzg-a ﬁ' Wy (47)

The integral f TWdn has the values 2.73 and

0 b= .
0.968 for f,=-—1/42 and —1/242, respectively.
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FF1cere 2.—The fraction of the incident radiation striking
the surface as a function of the dimensionless gas ab-
sorption cocfficient for two injection rates; Se—=0.72.

Tt 18 observed that for a given value of the absorp-
tion coefficient « for the higher injection rate
(le=—1/42), much more radiation is absorbed
in the boundary layer. Tt can be noted that if
ais about 2 or greater, almost none of the incident
radiation reaches the surface.

It is interesting fo examine in det:il how the
radiation intensity  diminishes from the outer
edge of the boundary layer to the surface. Pro-
files of the radiation intensity across the houndary
layer are shown in figure 3 for the stronger in-
jection f,=—1/42 for various values of the
absorption coefficient. The solid curves corre-
spond to solutions of equation (34) and the dashed
curves to solutions of equation (35) for a surface
reflectivity of 0.6. For increasing values of a,
the region in which most of the absorption takes
place tends to move away from the body surface
(n=0).

The dashed curves in figure 3 show that the
same [raction of the reflected bheam is absorbed on
the outward passage as that of the incident heam
on the inward passage. This would be obvious
from writing the formal solution of equation (35)
in terms of quadratures and comparing il with

1.0

s
N 1/5
- y(Surface A
,/ reflectivity

K r=0.6)
RN 5 . . ]
7
T~ §'5_,_ P S —
4 5 6 7

/]

F16URE 3.—Relative intensity of incident and reflecied
radiation as a function of the dimensionless distance
from the surface for several values of dimensionless gas
absorption coefficient; f.=—1/32, Se==0.72.

cquation (47). Thus for absorption coeflicients
of 0.5 or higher, almost none of the neident radia-
tion finds its way back out of the boundary layer
even though the surface is a good reflector.

The absorption of radiant energy within the
boundary layer raises the local enthalpy level.
The influence of absorption or enthalpy can be
shown from solutions of the energy equation (42)
which yicld profiles of total enthalpy aeross the
boundary layer. Tn the course of the investiga-
tion, more than 100 examples were computed;
some typical enthalpy profiles are shown in figure
4 for the higher injection rate and no surfuce re-
flectivity. The enthalpy profiles for surface reflee-
tivity conditions different from zero lie almost on
top of those shown for the same values of absorp-
tion coefficient o and incident radiation infensity
l;.. The lower curve corresponds to cither no inci-
dent radiation or no absorption. The total
enthalpy level at a given distance from the surface
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Traure 1. - -Relative enthalpy as a function of dimension-
less distanee from the surface for various dimensionless
gas absorption coeflicients and incident radiation inten-
sities; black surface, fo.= 1+2, Sc—0.72, Pr0.72.

is seen to be higher if there is absorption in the

boundary layer.

The dashed curve corresponds to a very large
incident radiation intensity Z,. Tt “overshoots”
(i.c., g>-1), indicating that the local total enthalpy
(and temperature if it is assumed to be roughly
proportional to total enthalpy) in the boundary
layer exceeds that at the outer edge of the bound-
ary layer. Tn assessing the significance of this
behavior, it is useful to mention two situations.
For a model in the wind tunnel where the ineident
radiation originates in a lamp that is at a tempera-
ture much higher than the boundary-layer tem-
perature, the overshoot condition is certainly pos-
sible. Tn the flight condition, the total enthalpy
at the outer edge of the boundary layer will be less
than that just behind the bow shock beeause of the
emission of radiation by the shock Iayer. There-
fore an enthalpy overshoot in the boundary layer
does not necessarily mean that the enthalpy ex-
ceeds the free-stream total enthalpy.  However,

the question arises whether or not the cold (by
comparison with the shock layer) gas assumption
is violated by an enthalpy overshoot in the bound-
ary layer. Actually, the temperature at the outer
edge of the boundary layer will be less than that
just behind the bow shock heeause of emission of
radiation and chemical dissociation in the shock
layer. Therefore, an overshoot in temperature in
the boundary layer (corresponding to the enthalpy
overshoot) could oceur without violating the cold
gas assumption. Thus we simply establish the
fact that in the laboratory or in flight, some over-
shoot is possible.

Towever, as a convenient cut-off point in the
present analysis, solutions are presented up to,
but not into the overshoot region. Tt s worth
mentioning that for injection rates lower than
that of figure 4, overshoot is diminished or may
vanish. Thus the region of no overshoot is ex-
tended at lower injection rates.  More will be
sald of this in connection with a subsequent figure.

HEAT-TRANSFER RESULTS

Tt can be seen in figure 4 (hat the enthalpy
gradient at the surface is increased if there is ab-
sorption in the boundary layer. This gradient is
of major significance because it is proportional to
the conveetive rate of heat transfer to the surface.
Tt is obvious that the reduction of radiant heat
transfer resulting from absorption tends to be
offset by an increase of conveetive heat transfer.
Tn the evaluation of this situation, it is advanta-
geous to look at the influence of absorption cocffi-
cient, surface reflectivity, and Incident radiation
intensity on the enthalpy gradient at the surface.
This is shown in figure 5. The solid lines corre-
spond to black surfaces, and the dashed lines to
reflecting surfaces.  Two features of this figure
are of particular interest.  First, for a given in-
jection rate, Prandtl number,absorption coeflicient,
and surface reflectivity, g5, 1s linear with Z,; that

18 , ,
> To=(0) 1,,=0F e (48)

where a=a(a,r) is the slope of the straight line
corresponding to a given « and 7. (The linear re-
Lutionship could be derived analytically, but will
be omitted here)) Scecond, for the bluck surlace
the lines for a—=1.0 and 1.5 lie between those of
a=0.1 and 0.5, indicating that for a given 7y, in-
creasing « first inereases the enthalpy gradient at
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the surface, but for higher values of «, the surface
enthalpy gradient (ends to dimmish toward the
no absorption value. Physically, for a given
incident radiation intensity, increasing the ab-
sorption cocflicient from zero will raise the loeal
enthalpy near the wall by absorption ol radiant
energy.  However, a cocfficient is reached above
which less radiant energy is absorbed near the
wull, thereby allowing the enthalpy and its gradi-
ent at the wall to diminish. The single point for
a=0.3 shown in figure 5 was compuled to see if it
lies between the a=0.1 and 0.5 lines, which it
does.

The gradients indicated by the dashed lines in
figure 5 corresponding to reflecting surfuces lie, as
would be expected, above the black surface lines
for the same a.

So far, it has been shown that in shielding the
surface from radiant energy, the convective heat
transfer to the surface is increased. It now must
be shown whether or not a net saving in heat

RADIATION BY TRANSPIRATION OF AN ABSORBING GAS 11

(9}

B
A

Total heat
transfer rate

1
|
|
!
Injection rote

Sketeh (b)

transfer results from injeetion of an absorbing gas.
Tnjecting a nonabsorbing gas into the boundary
layer will diminish the total heat-transfer rate to
the surface by reducing the conveetive part of the
heat transfer rate, as for example 1s dingrammed
by the upper curve in sketeh (b). The injection
of an absorbing gas might be expected to diminish
the total heat-transfer rate even further (as shown
by the lower curve in sketeh (b)), A comparison
will be made of the total heat-transfer rate with
injection of an absorbing and a nonabsorbing gas
al the same rate (A will be compared with B).
The total heat-transfer rate to a surface through
which an absorbing gas is injected is expressed by
equation (12) which consists of convection, diffu-
sion, and radiation terms. By transformation
and rearrangement of terms, equation (12) can be
expressed as

G with absorption

it sverptin 10
jr\'(n’%l)ﬂp[p,‘ [ Pr +(/’ l)lzu- ( )

Similarly, the dimensionless total heat-transfer
rate to a surface through which a nonabsorbing
gas is injected at the same rate is

ERORES

(50)

The denominators of the left-hand sides of
equations (49) and (50) contain only exterior
flow variables which may be caleulated for o
given flight condition. The € is retained on
the right-hand sides beecause it is influenced by a
wall condition not caleulable from a flight condi-
tion. Tn reference 7, it is evaluated as

4
c'=("—”"—”> (51)
Pele

where b is some power determined empirically for
mixtures that do not contain o light-gas com-
ponent.  Thus for injection of different gases

qun ﬂm)r;mnn

76\ "+])5quL
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(absorbing and nonabsorbing), the value of (' may
differ for a given flight condition beeause p,p, will
vary. Reference 8 shows that for mixtures of
atomic and molecular oxygen and nitrogen con-
taining CO and CON, the exponent & is 0.2. But
we are concerned with the hall power of b in
cquations (49) and (50). For a given flight con-
dition, if b is a small fractional power (0.2, for
example) pep, can differ from (pypr)a=y DY &
substantinl amount (almost a lactor of 3 either
way) and yet 'C differs from 'C,_, by only a
small amount (about 10 percent). We will sub-
sequently make use of the fact that for b equal to
a small fractional power, \O/C,_o=1.

Comparing the heat-transler rate with absorp-
tion to that without absorption for a given injee-
tion rate by use of equations (49) and (50) yiclds

q with absorption_

(_7 no absorption

T WdPF 0=l 7
 Como L9/ PP 0‘1“(1—1)[,,:' 52)

(.”

it absorption
9no absorption

F Overshoot region
i

> e
| o 4oL —
o 2 4 6 8 10 12 14 16
lie
Frgure 6.- ‘Retio of heat transfer with injeceted absorbing

gas to that with injeeted nonabsorbing gas asg a function
of incident radiation intensity for several wvalues of
dimensionless gas absorption ecocficient; f.-=—1/+2,
black surface. Se=0.72, Pr=0.72.

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

The comparison is shown in figure 6 for the higher
injection rate (corresponding to f,=—1/42).
Il /O /C 15 assumed to be of the order unity,
the figure shows that for the black surface it is
advantageous to inject an absorbing gas. The
effectiveness of this method of shiclding against
excessive heating inereases with inereasing absorp-
tion cocflicient and ineident radiation intensitly.
For a=1.5, and 7,,=0.5, the total heat-transfer
rale at the surface is diminished by approximately
2/3.  The shaded region to the right of these
curves corresponds to the enthalpy overshoot
condition. It should be pointed out that for the
lower injection rate, overshoot is much less severe
and the no overshoot region would be extended to
the right in figure 6. In particular, for a=0.5,
diminishing the injection tate (f,=—1/+2) by
hall (to f,=-—1/242) extends the overshoot
limit from 1, =1.17 to {,,~=1.95.

Tt is worth noting that a combination of cqua-
tions (52), (48), and (47) yiclds an expression for
the curves of figure 6 (although the curves were
not obtained by this expression). Tt is

q with absorption

 no absorption

©

. a(]ci,") (11— r)e_af“ v +(ﬁ%>zw 0
<qw> ;=i

(7
\/ Caco

(53)

Using, for example, the value 2.73 for the integral
{mentioned previously in connection with eq. (47)),
0.72 for Pr, 0.0714 for (g%)1,,-0, and from figure 5,
the value @a=0.160 corresponding to a=1 and
r=0 yields the simple relationship

/ O /0.0992-+0.287 l,e> (54)
Qno absorption z! ¢} 00992+lw

q wlth ahsnrptlnn

which can be used to deseribe the appropriate
curve n figure 6.

Before leaving the discussion of the black
surface, it is also of interest to compare the total
heat-transfer rate with injection of an absorbing
gas 1o the total heat-transfer rate without injec-
tion (A vs. C in sketch (b)). The dimensionless
total heat-transfer rate at the surface without
injection is
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_dnotnjectton ___ 75| G (r—l)l]
i DBpe "'”‘“[ (1’1‘)fw=0+
(55
The ratio of equation (49) to (55) is!
Gie
. it (1‘—7')1“
q“'lth:ﬂ)surpﬂnnz C 71)" ' _ (56)

Qno Injeetion

1 ’
\ (fw:” <% ) 0—]—(]4[1)/,(
') fp=

The comparison is shown in figure 7. The higher
injection rate corresponding to f,=—1/2 is used
for the absorption condition in the numerator of
equation (36). Examination of the figure shows

)

fw=0

(/

c

qwifh injection
qno injection

" Overshoot region

.6

o
n
Py
o
o4
o
o
S

Figure 7.—Ratio of heat transfer with injected absorbing
gas to that without injection as a function of incident
radiation intensity for several values of dimensionless
gas absorption coefficient; f,=—1/42, black surface,
Sc=0.72, Pr=0.72.

first of all that for cases involving black surfaces,
it 1s advantageous to inject a gas whether it ab-
sorbs radiation or not. As seen before, the heat-
transfer rate is diminished more by injection of
an absorbing gas. However, for low levels of
incident radiation intensity, a large absorption
coeflicient is not much more effective than a small
absorption coefficient in reducing the total heat-
transfer rate.  Again, for large values of incident

1 Equations (548), (4%), and (47) could be combined to obtain the heat-
transfer ratio between injectlon with absorption and the no injection case,
corresponding to enquation (53).

radiation intensity, large absorption cocflicients
are very advantageous. In particular, for a=1.5,
the heat-transfer rate 1s only 1/5 that for no injee-
tion for all values of incident radiation intensity,
and less than 1/2 that for injecting a nonabsorbing
gas if 1,,=0.5.

Leaving the black surface condition, attention
is now turned to the partially reflecting surface.
Tt has already been mentioned that 1t is not de-
sirable to injeet an absorbing gas to shield a totally
reflecting surface because it would inerease the
total heat (ransfer by raising the convective heat-
ing rate.  Also, the concept has been introduced
of a break even reflectivity eondition between the
totally veflecting and black surface conditions
where the heatl-transfer rate at the surface is the
same whether the gas is absorbing or not. Tor
surface refleetivities above this break even re-
flectivity, a nonabsorbing gas would provide better
heat-transfer protection and below that reflee-
tivity, an absorbing gas would provide better heat
protection. Tt is simple to show from the pre-
ceding development that for a given injection
rate, the break even surface reflectivity is a [une-
tion only of the absorption coeflicient of the opaque
gas (if /C,_,=+'C). This is done by setting the
lIeft-hand side of equation (52) to unity and then
combining it with equations (47) and (48). Tt is
noted that the values used for (Pr) ey and Pr are
the same and thus (g5)a=o= (¢%)1,,=0. The result
is

ala,r)

o 1_6~0L Wy (67)

r¥—1—

The integral in the denominator hias only one value
for a given f, and Se. Thus with Se fixed, and
for a given injection rate, the break even reflec-
tivity is a function of the foreign gas absorption
cocfficient alone. This derived result was verified
by numerieal solutions of the differential equa-
tions, and the results presented below are obtained
from those solutions.

Figure 8 shows the ratio ol total heat-transfer
rate with injection of an absorbing gas to that with
injection of a nonahsorbing gas at the same rate
as a [unction of I, for various surface reflectivi-
ties. The eurves all correspond to a=1 and to the
higher injection rate (f,=1/42). The bottom
curve is for the black surface, and the top curve
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Frgrre 8.—Ratio of heat transfer with injected absorbing
gas to that with injected nonabsorbing gas as a function
of incident radiation intensity for various values of sur-
face reflectivity; fu=—1~2; a« -1, Sc--0.72, Pr -0.72.

is for a reflectivity of 0.8, The heat-transfer com-
parison is unity for r=0.733 and is scen to be
independent of incident radiation intensity /.
Thus the break even reflectivity condition for a=1
is 7=0.733 il \'C,_,/C=1 for the higher injection
rate.

The break even reflectivity conditions for other
values of @ were obtained in a similar manner and
are shown in figure 9. TIn general, the break even
surface refleetivity inereases with inereasing [or-
cign gas absorptivity a. For surface veflectivities
above the line corresponding to a given injection
rale, heat protection is best afforded by injection
of u transparent gas, and below the curve, by in-
jection of an absorbing gas. The figure shows
that the break even reflectivity is diminished
roughly 40 {o 45 pereent by a 50 pereent reduction
of the injection rate.

Tn all the results presented in this paper, Pr and
Sec are 0.72 and Le is unity. I we assume, as in
reference 7, where the convective heat transfer
with mass addition and chemical reactions was
studied, that the heat transfor is not greatly
affected by small deviations of Le from unity, we
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FrogrrE 9. - Breakeven reflectivity as a funetion of dimen-

sionless gas absorption coeflicient for two injeetion rates;
Se 0.72, Pr-0.72.

can study some effects of variations in 77 and Se
and still omit the diffusion term in the energy
equation (3b). Tor simplicity, it is lurther as-
sumed that O=4'C,_, and that the nonabsorbing
injected gas used for a standard of comparison
has values of (Pr)aze and (S¢)a-g of 0.72. Then
the results of several computed examples in which
Pr and Se were varied by about 10 percent show
the following trends.  An increase in Tr tends to
diminish the convective heat transfer in the ab-
sorbing gas case. Algo, an inerease in Se tends (o
diminish the radiative heat transfer i the absorb-
ing gas mixture. Ilence, the ratio of total heat
transfer with injection of an absorbing gas to that
with injection of a nonabsorbing gas decreases
with increasing Pr and Se. However, the ratio
appears to be more affected by variations in Pr
than by comparable variations in Se. Thus the
break even reflectivity is more sensitive to Pr than
to Se and increases with increasing Pr.

Finally, now that the influence of the dimen-
sionless absorption coeflicient « on heat transfer
and break even reflectivity has been determined,
it is instructive to examine the corresponding
values of the actual physieal absorption coefficient
K of the absorbing gas and inquire whether or
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not gases with such absorption coefficients exist.
The required K is dependent on the flight con-
dition by virtue of its relationship with « (eq.
(36)). For a flight speed of 31,000 feet per
second at 165,000 fect altitude, and body nose
radii of 1 to 10 feet, K is of the order of 10° to
107 square feet per slug for values of a ranging
from 0.1 to 1.5.

Unflortunately, little is known of the absorption
properties of even ordinary gases especially at
conditions corresponding to the flight regime in
which radiant heating is important. Measure-
ments of Eckert and others (ref. 15, pp. 384-386)
on carbon dioxide and water vapor can be in-
terpreted to give an equivalent “gray” K for
purposes of this discussion. Tt appears that
carbon dioxide has an absorption coefficient of the
order of 10 square feet per slug at ordinary pres-
sures for temperatures up to 1600° (. The
coefficient for water vapor is roughly an order of
magnitude higher than that of carbon dioxide.
Tt is interesting to find that at least three vapors
have considerably higher absorption coefficients.
These vapors are not inert, and their diffusion
through dissociated air has not been analyzed.
They are mentioned only to illustrate the existence
of highly absorbing gases. They are the alkali
vapors; cesium, potassium, and ribidium. All
three have absorption coefficients of the order
of 10* square fect per slug at 0° C and 1 mm
Hg in the wavelength region 2000 to 3000 X
(which can be shown from ref. 16). Tt is interest-
ing to note in reference 17 that the NO of dis-
sociated air at 8000° K at 85 percent atmospheric
density emits its peak radiation in this same
wavelength region. There is a possibility that
gases exist which have still higher absorption
cocfficients at higher temperatures and pressures.

CONCLUDING REMARKS

There are several interesting results of this
analysis concerning the effects of injecting an
absorbing gas in the stagnation region of a blunt
body traveling at hypersonic speed. At a black
vehiele surface, the reduction in the radiation

heat-transfer rate by radiation absorption in an
injected foreign gas is accompanied by an increase
in the convective heat-transfer rate. However,
under some circumstances, the net effect is that
a saving in total heat-transfer rate (radiative
plus convective) of as much as 2/3 can be achieved
(at Teast in theory) by mjecting an absorbing gas
rather than a nonabsorbing gas into the boundary
layer.

For a weakly reflecting vehicle surface, the
total heat transfer is reduced by injecting an
absorbing gas into the boundary layer. This
thermal protection diminishes to zero as the
surface reflectivity inereases up to the break
even reflectivity condition. Tor surface reflec-
tivity above the break even condition, injection
of a transparent gas offers better heat protection,
and below that reflectivity, an absorbing gas
offers better heat protection,

In the examples studied, the break even surface
reflectivity 18 shown to be a function of the
absorption coefficient of the foreign gas and to
increase with inereasing absorption coeflicient.
The break even reflectivity is quite high, ranging
from about 0.5 to 0.8 for a high injection rate
and 1s almost proportionally lower for the lower
injection rate considered, ranging from about
0.29 to 0.46. Thus for many oxidized or non-
metallic surfaces, the reflectivity would be below
the break even condition and it would be ad-
vantageous to injeet an absorbing gas.

The absorbing gas must have a high absorption
cocfficient. (several orders of magnitude higher
than water vapor) to effectively reduce the total
heat-transfer rate to the stagnation region. Tt
would be desirable to determine the absorption
coefficient. and other physical properties (Pr, Se,
Le) ol various gases. This should be done not
only to find those that are useful ahsorbers but
also to find those that are transparent for use
with highly reflecting surfaces.

AMes ResEarca CENTER
NATIONAL AERONATUTICS AND SPACE
ADMINISTRATION
Morrrr Figup, CaLir., Dec. 6, 1960
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